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Diphoton excess at 750 GeV in an extended scalar sector
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We discuss an extended scalar model which explains the recent results of diphoton excess at 750
GeV at LHC Run II experiments. An additional singlet scalar boson with the mass of 750 GeV,
which couples to top quarks via a dimension five operator, is produced via gluon fusion and decays
into two photons via loop contributions of a number of (multiply) charged scalar bosons. Origin of
such a dimension five operator would be, for example, in the context of composite Higgs models.
The excess can be explained without contradicting the data from LHC Run I and also theoretical
consistencies such as perturbative unitarity and charge non-breaking.
I. INTRODUCTION
Since the discovery of the Higgs boson at LHC Run I
[1], the main target of high energy collider experiments
has turned to detect new direct evidence of physics be-
yond the standard model (SM). Recently both ATLAS
Collaboration and CMS Collaboration reported a new
excess in the diphoton data at 750 GeV with the width
about 45 GeV at LHC Run II [2, 3], which might be
the resonance of a new particle beyond the SM. Many
physicists have been trying to understand the new ex-
cess based on various ideas, and quite a few papers have
already been submitted until now for a short time[4, 5].
In a large number of the proposed models, vector-like
fermions are introduced to enhance the diphoton decay of
new resonance. Alternatively, there are models in which
new charged scalar fields in the extended scalar sector
significantly contribute to the diphoton decay [5].
In this paper, we would like to discuss a possibility
that an extended Higgs sector would explain this phe-
nomenon in a relatively simple way. Although the Higgs
boson was found, the shape of the Higgs sector remains
unknown, and there are many possibilities for extended
scalar sectors. Such extensions of the Higgs sector are
often motivated to understand phenomena which cannot
be explained in the SM, such as radiative neutrino mass
generation mechanisms, sources of a scalar dark matter
and the cause of strongly first order phase transition and
CP violation required for electroweak baryogenesis. In
addition, new paradigms beyond the SM also require a
specific Higgs sector in each model.
We here introduce a simple extension of the SM with
an additional real singlet scalar field S and several (mul-
tiply) charged scalar bosons. We can assume that the sin-
glet does not have a vacuum expectation value (VEV).
The singlet couples to top quarks (StLtR), whose cou-
pling originally comes form a dimension five operator
StLΦ˜tR, and also couples to charged scalars via trilinear
scalar couplings with dimensionful parameters. At LHC,
the singlet field S can then be produced via the gluon
fusion process. The produced S fields mainly decay into
tt but some do into diphoton. The observed data[2, 3]
suggest that the signal atMγγ ≃ 750 GeV should satisfy
ATLAS : σ(pp→ SX → γγX) ≃ 5± 4 fb (95%CL) ,
CMS : σ(pp→ SX → γγX) ≃ 9± 7 fb (95%CL) .
(1)
We show that by our simple setup the observed sig-
nal cross section and the observed total width ΓS ≃
45 GeV [2] can be explained without contradicting the
data from LHC Run I [6, 7] and also constraints from
theoretical consistencies such as perturbative unitarity [8]
and charge non-breaking vacuum [9].
II. MODEL
We consider the following effective Lagrangian for in-
teractions of the singlet field S as
Leff = −y S
Λ
(
QLΦ˜qR
)
−
∑
q
nq∑
i,j
µijq Sφ
+q
i φ
−q
j , (2)
where Φ is the Higgs doublet field, φ±qi are scalar bosons
with the electric charge of ±q, and nq is the number of
q-charged scalar bosons. We can assume that the singlet
S does not have a VEV while the Higgs doublet field
Φ does have the VEV 〈Φ0〉 = v/√2, where v ≃ 246
GeV. Therefore, only v gives the mass to the quarks and
leptons.
The origin of the dimension five operator in Eq. (2)
would be in the context of composite Higgs models [10].
For example, in the SO(6)/SO(5) model where the global
symmetry SO(6) is spontaneously broken to SO(5) at the
composite scale, there are 5 pseudo Nambu-Goldstone
bosons (pNGBs). They become components of one
Higgs doublet and one neutral real scalar singlet filed
in the Higgs sector [11]. This singlet couples to charged
fermions as
Lint = imf
√
ξ
1− ξ cot θf Sf¯LfR , (3)
where mf is the mass of the fermion, and ξ is the com-
positeness parameter, and the mixing angle cot θf is the
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FIG. 1: The hadronic production cross section pp → S + X
as a function of y at the LHC for the centre-of-mass energy
to be 13 TeV (red) and 8 TeV (blue).
Z2 breaking parameter which vanishes at θf = pi/2 where
the exact Z2 symmetry (S → −S) recovers.
The existence of charged singlet scalars would also be
realized in the context of composite Higgs models. In
the composite Higgs models, the number of light scalar
degrees of freedom in the low energy effective theory is
determined by the symmetry breaking structure G/H .
A part of the list for various G/H and corresponding
extended Higgs sectors is presented in Ref. [12]. For ex-
ample, in the (SO(6))2/SO(6) model, where the global
symmetry (SO(6))2 is spontaneously broken to SO(6),
it appear 15 pNGBs which are decomposed as one real
singlet, two doublets and two real triplet fields [13]. In
such a model, we have the singlet real scalar field S which
couples to both tLtR and a number of (singly) charged
scalar bosons.
In the following, however, we do not specify the funda-
mental model which predicts the Lagrangian in Eq. (2).
Instead, we consider models with extended scalar sectors
with the interaction in Eq. (2) in a general framework
and try to explain the excess at 750 GeV in the recent
LHC data.
For simplicity, we here consider the case where the tri-
linear scalar couplings µijq in Eq. (2) are diagonal and
universal, and all charged scalars are degenerate in mass,
µijq = µδ
ij , (4)
mφ±q
i
= m±, ∀q, (5)
so that there are only two coupling parameters y and µ
as well as the common mass of charged scalars m±.
The basic idea of our scenario is the following. We as-
sume that the excess is the result of the production and
decay of S with the mass of 750 GeV. The production
cross section pp → S +X is dominated by gluon fusion
of top-quark loop mediation. The main decay mode of S
is tt, so that the production cross section of σ(pp→ SX)
and the total width ΓS are correlated and controlled by
the coupling y. From the observed value of ΓS , the mag-
nitude of y is determined. On the other hand, the decay
rate of S → γγ is determined by the top-loop contri-
bution and also by the charged-scalar loop effect. If the
number of charged scalars is not small, scalar loop contri-
butions dominate the top-loop effect. In such a case, the
decay rate is determined by the trilinear scalar coupling
µ. In the following, we show that the data of the excess
can be explained by tuning these parameters under the
constraint from the 8 TeV data.
III. NUMERICAL EVALUATION
The partonic production cross section gg → S is given
by
σˆ(gg → S) = GFα
2
S(
√
sˆ)
288
√
2pi
∣∣∣∣34Ff (τt)
∣∣∣∣
2
× yv
2
√
2mfΛ
, (6)
where sˆ is the centre-of-mass energy of this subprocess
and τt = 4m
2
t/sˆ. The hadronic cross section is evaluated
by
σ(pp→ SX) = K
∫ 1
τS=m2S/s
dτ
dLgg
dτ
× σˆ(gg → S) , (7)
where dLgg/dτ is the luminosity function. We here use
MSTW2008 LO [14], and the K factor is taken to be 2.5
in our calculation [15]. When we take Λ = v, we obtain
σ(pp→ S) ≃ 0.3y2 pb . (8)
for
√
s = 13 TeV. In Fig. 1, the production cross section
of pp→ S+X is shown at the leading order as a function
of y for
√
s = 13 TeV (red) and 8 TeV (blue).
We next consider the decay branching ratios of the
produced S. We here assume that mS < 2m± so that
the charged scalars affect the total width ΓS only via the
quantum loop contributions in S → γγ. The decay rates
of the singlet S are calculated by
Γ(S → tt¯) = Ncg
2m2t
32pim2W
mS |κstt|2
(
1− 4m
2
t
m2S
) 3
2
, (9)
Γ(S → γγ) = α
2g2
1024pi3
m3S
m2W
×
∣∣∣∣κstt 43Ft
(
4m2t
m2S
)
+ rκs±F0
(
4m2±
m2S
)∣∣∣∣
2
, (10)
Γ(S → Zγ) = α
2m3S
128pi3v2
(
1− m
2
Z
m2S
)3
×
∣∣∣∣∣2κsttJf +
∑
i
qig
cW
(
Ii3 − s2W qi
) µ
v
JS
∣∣∣∣∣
2
, (11)
where r =
∑
q q
2nq, and
κstt =
yv√
2mt
, κs± =
mW
gm2±
µ . (12)
3FIG. 2: Contour plots of the signal cross section σ(pp → SX) × Br(S → γγ) [fb] on the y-µ plane for m± = 400 GeV. The
regions which satisfy the 13 TeV data (red) [2] and 8 TeV data (grey) [6] within the 95 % CL are shown. The regions where the
total width of S is in 40 GeV < ΓS < 50 GeV (blue band) and the curve of ΓS = 5.3 GeV (blue dashed), the energy resolution
of the diphoton system, are also indicated. From top-left to bottom-right, the results are shown in the models wish r = 1, 10,
16, 25, 50 and 65.
The loop integral functions are defined by [16]
Ft(τ) = −2τ [1 + (1 − τ)f(τ)] , (13)
F0(τ) = τ(1 − τf(τ)), (14)
and
f(τ) =


[
sin−1 1√
τ
]2
for τ ≥ 1,
− 1
4
[
log
{
1+
√
1−τ
1−√1−τ
}
− ipi
]2
, for τ < 1.
(15)
Jf is written by A
H
1/2 in Ref. [17] as
Jf =
vf
sW cW
AH1/2 . (16)
The loop contribution JS is given in Ref. [18]. Our model
can be classified by the parameter r, and characterized
by the parameters of y, µ and m± with mS being set to
be 750 GeV.
The signal cross section of pp → S +X → γγ +X is
then given by
σ(pp→ SX → γγX) =
σ(pp→ SX) · Br(S → γγ), (17)
where we employ the narrow width approximation, be-
cause the ratio ΓS/mS is smaller than 0.1.
Now we survey the parameter region where the data of
the excess at 750 GeV is explained without contradiction
with the Run I data for the process pp→ S+X → γγ+X
at 8 TeV [6, 7];
ATLAS : σ(pp→ SX → γγX) ≃ 1.6± 1.3 fb (95%CL) ,
CMS : σ(pp→ SX → γγX) ≃ 0.9± 0.6 fb (95%CL) .
(18)
If the model contains doubly charged scalar bosons, we
have to take into account the constraint on the mass
from the LHC data. In particular, if the doubly charged
scalars from isospin singlets (triplets) decay into dilepton,
the current lower bound is about 430 GeV (550 GeV) [19].
On the other hand, if they are of the complex triplet
scalar fields, it can mainly decay into diboson (W±W±)
when the VEV for the triplet is larger than 0.1 MeV. In
4FIG. 3: Contour plots of the signal cross section σ(pp → SX) × Br(S → γγ) [fb] on the y-µ plane for m± = 600 GeV. The
regions which satisfy the 13 TeV data (red) [2] and 8 TeV data (grey) [6] within the 95 % CL are shown. The regions where the
total width of S is in 40 GeV < ΓS < 50 GeV (blue band) and the curve of ΓS = 5.3 GeV (blue dashed), the energy resolution
of the diphoton system, are also indicated. From top-left to bottom-right, the results are shown in the models wish r = 1, 10,
16, 25, 50 and 65.
such a case, the current mass lower limit is about 90
GeV [20], which is much relaxed as compared to the
case of dilepton decays. If we consider nq (> 1) of dou-
bly charged Higgs bosons, these bounds should become
stronger. We here do not specify the isospin of charged
scalar bosons and also their main decay mode for a while,
and we come back to this issue later.
In Fig. 2, contour plots of the regions satisfying the
data from the 13 TeV Run (red) [2] and those at 8 TeV
(grey) [6] are shown (in the 95 % CL) on the y-µ plane
for the six models with r = 1, 10, 16 25, 50, and 65. The
region where the width of S is 40 GeV < ΓS < 50 GeV is
indicated by blue shaded regions. We also draw the curve
of ΓS = 5.3 GeV, the current resolution for the diphoton
system [2]. The universal mass of charged scalars is set
to be 400 GeV. In each model, there is the region where
all data are satisfied. For smaller r, relatively large µ
is required to satisfy the data, while for relatively large
number of r, µ can be lowered to a few TeV. For instance,
for the model with r = 1 where only one singly charged
scalar filed is introduced, the required value of µ is 100-
200 TeV to satisfy the data. On the other hand, for
the model with r = 65 which corresponds to the models
with (n1, n2) = (65, 0), (45, 5), (25, 10), (13, 13) etc, the
required value of µ is at most a few TeV.
In Fig. 3, the similar figures for the results with the
mass of the universal charged scalar mass m± to be 600
GeV are shown with the same fashion. We see that the
required values of µ for each model are larger than the
cases with m± = 400 GeV.
IV. DISCUSSION
We here discuss theoretical constraints which limit pa-
rameter regions, and then give some comments on the
relation of our model to the new physics phenomena.
First, in order to obtain enough enhancement in the
diphoton decay rate of the singlet S, a larger value of µ
is required for a smaller values of r. However, taking a
too large value of µ compared to mS and m± possibly
causes dangerous charge breaking minima. For the case
ofmS = 750 GeV andm± = 400–600 GeV, the value of µ
larger than about 10 TeV is not favored at all by the sim-
ilar analysis to the case of large trilinear coupling in the
minimal supersymmetric standard model (MSSM)[21].
Second, the perturbative unitarity bound for scatter-
ing processes such as φ+qφ−q → φ+qφ−q should also be
5taken into account in the case with a large µ. It is known
that in the MSSM, constraints from perturbative unitar-
ity for the trilinear coupling are similar in strength to
bounds from color and charge breaking minima[22]. The
unitarity bound on µ in our model is also expected to lead
to a similar constraint from charge non-breaking vacuum.
Therefore, from these theoretical constraints, the mod-
els with a small r and a large m± are not favored even
though there are regions which satisfy the data of the
excess. As seen in Fig. 2, for m± = 400 GeV the cases
with r = 25, 50 and 65 can be safe from these theoretical
bounds, while for m± = 600 GeV only those with r = 65
can be allowed (see Fig. 3).
In order to have a relatively large values of r, intro-
duction of a scalar field with a higher isospin represen-
tation would be helpful. For example, in the model with
an isospin septet scalar field, there are many multiply
charged scalar bosons φ±5, φ±4, φ±3, φ±2, φ± and φ
±
,
which give r = 56. The phenomenology of the septet
field is discussed in Ref. [23]. We note that models with
a higher representation scalar field than the septet are not
realistic from viewpoint of perturbative unitarity [24].
In our analysis, we only have considered the models
with only one real singlet field S. However, it would also
be possible to consider the cases with more real singlets
Si (i = 1, · · ·N). If they have the common mass and the
universal couplings with tLtR and with charged scalars,
then the signal cross section becomes N2 larger than the
case with N = 1. In such a case, the magnitude of the tri-
linear coupling can be smaller so that the constraint from
perturbative unitarity and charge non-breaking would be
milder. In this case, the excess at 750 GeV can be ex-
plained with smaller values of r.
In our scenario, many (multiply) charged scalar fields
are introduced. Such introduction of many scalars can
also be seen in the models for quantum generation of
tiny neutrino masses (so called radiative seesaw scenar-
ios), where neutrino masses are deduced from the ex-
tended scalar sectors at one-loop [25, 26], two-loop [27]
and three-loop levels [28–30]. Therefore, the excess at 750
GeV would be indirect evidence for such radiative seesaw
scenarios with S which couples to tLtR. In addition, in-
troduction of many scalars can cause strongly first order
phase transition at electroweak symmetry breaking [31],
which is required for a successful scenario of electroweak
baryogenesis [32].
For mS = 750 GeV and the observed value of ΓS ∼ 45
GeV, the branching ratio of S → γγ is required to take
values between about 0.6 % and about 3.5 % to satisfy
all the diphoton data for all cases of r and m±. The data
can be satisfied with similar values of the branching ratio
even if the value of the width is smaller than 45 GeV.
The main decay mode of S is always tt, whose branching
ratio is larger than 95 %. Produced number of tt via the
S decay is much smaller than the uncertainty in the data
of the tt production cross section at the 8 TeV [33] and
the 13 TeV [34].
In the following, we mention some phenomenological
features with speculation. Detailed study is beyond the
scope of this letter. If our scenario is true, the second
phenomenological signature would be the discovery of
charged Higgs bosons with the mass to be 400-600 GeV.
In particular, if some of them have double electric charge,
the final state would be dilepton or diboson, depending
on their isospin charges and the other parameters. If
they decay into dilepton, the signature is expected to be
observed very soon at LHC Run II, otherwise the model
is ruled out. If doubly charged scalars have isospin, the
main decay mode can be same sign diboson. In such a
case, the current lower limit is about 90 GeV [20]. In
order to detect the signal around 400-600 GeV, consid-
erable amount of luminosity has to be accumulated. Fi-
nally if the model contains higher order isospin repre-
sentation scalar fields, their charged scalar components
also enhance the Zγ decay rate by the loop effect, whose
branching ratio can be a few times 1 %. In such a case,
the signal of S → Zγ would be discovered in the near
future at LHC Run II.
V. CONCLUSION
We have discussed extended scalar models which can
explain the recent results of diphoton excess at 750 GeV
at LHC Run II. An additional singlet scalar boson with
the mass of 750 GeV, which couples to top quarks via
dimension five operator, is produced via gluon fusion
and decays into two photons via loop contributions of
a number of (multiply) charged scalar bosons. The
excess can be explained without contradicting the data
from LHC Run I. From theoretical consistencies such
as perturbative unitarity and charge non-breaking, the
number of charged particles can be constrained.
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